In this paper, a new method is proposed for improving a piezoelectric energy harvester's output power. A piezoelectric vibration energy harvester has an inherent internal capacitance. The new approach adopts inductance to reduce the reactance of the internal capacitance and enhance the output power. To show the practicality of this method, four electrical circuits are investigated numerically and experimentally for a piezoelectric beam energy harvester: Simple Resistive Load, Inductive Load, standard AC-DC, and Inductive AC-DC circuits. An Inductive Load circuit is built by adding an inductor to a Simple Resistive Load circuit, while an Inductive AC-DC circuit is built by adding an inductor to a standard AC-DC circuit. Experimental results indicate that the Inductive Load and the Inductive AC-DC circuits avail the Simple Resistive Load and standard AC-DC circuits respectively. The inductive AC-DC circuit shows a 6.7% increase in the output power compared to the standard AC-DC circuit.
Introduction
The need for electronic devices that are self-powered has created a lot of interest for research in the field of energy harvesting (Sodano, Inman, & Park, 2005a) . Such devices are desirable in manufacturing as they allow for mounting in remote areas, where it is costly to maintain. For instance, finite supplies such as batteries require replacement periodically, which can be difficult and tedious if it is located deep within a manufacturing assembly. Therefore, power harvesting seems to be very useful for generating such small amounts of power often necessary for such devices (Ju et al., 2013 ).
There are different methods for energy harvesting; namely, solar power (Fröhlich, Bezerra, & Slongo, 2014) , thermal energy (Monfray et al., 2012; Niotaki, Georgiadis, & Collado, 2013) , and vibration energy harvesting. Some of the most common methods are those that convert mechanical vibrations surrounding a system into electrical energy, which have many applications including use in the transportation industry (Nuffer & Bein, 2006) , wearable devices (Zhao & You, 2014) , and MEMS (Korayem & Omidi, 2012; Omidi, Korayem, & Korayem, 2013) . This is due to the fact that vibration energy exists in any dynamic system (Priya & Inman, 2009 ) including bridges (Baldwin, Roswurm, Nolan, & Holliday, 2011) , (Peigney & Siegert, 2013) human bodies (De Pasquale & Soma, 2013) , etc. Similarly, there are different methods used for conversion of vibration energy to electrical energy; namely, piezoelectric, electromagnetic (Hadas, Kluge, Singule, & Ondrusek, 2007) , electrostatic (Choi, Han, Kim, & Yoon, 2011) , and capacitive transducers (Roundy, Wright, & Rabaey, 2003) . Piezoelectric-based vibration energy harvesting is a commonly used approach among the aforementioned methods (Priya & Inman, 2009) , as piezoelectric materials not only have stronger electromechanical coupling but they also do not demand an external voltage source (I. Lien, Shu, Wu, Shiu, & Lin, 2010) . Piezoelectric materials come in the following types: Lead Zirconate Titanate (PZT) materials (Hatti et al., 2011; Xu et al., 2013) , Polyvinylidene flouride (PVDF) films (Frey, Carmichael, Kavanaugh, & Mahmoodi, 2014; Kodali, Mahidhar, Lokesh, Prasad, & Sambandan, 2012; Zargarani & Mahmoodi, 2015) , Macro Fiber Composites (MFCs) (Ju et al., 2013) , and relaxor ferroelectrics (Wang, Sun, & Qin, 2008) . There have been an extensive number of studies testing these materials on common structures such as cantilever beams (Erturk & Inman, 2008) and flags (Frey et al., 2014; Wynn, Truitt, Heim, & Mahmoodi, 2013; Zargarani & Mahmoodi, 2015) .
The three main components of piezoelectric-based vibration energy harvesting systems are a piezoelectric harvester, an oscillatory system, and an electrical interface. An oscillator is used to shake the piezoelectric suchto enhance and/or store the voltage produced by the piezoelectric harvester. As mentioned, an electrical interface is one of the major components of a piezoelectric-based energy harvesting system. Thus, a large number of researchers have been studying different electrical interfaces for storing (Sodano, Inman, & Park, 2005b) and/or optimizing the output power (Hui-yu Li, Hua Li, & Horn-sen Tzou, 2011; Ottman, Hofmann, Bhatt, & Lesieutre, 2002) of piezoelectric-based energy harvesters. The effect of series and parallel combinations of piezoelectric harvesters on the output voltage of the piezoelectric has also been studied (Dayou & Wang, 2009 ).
Optimizing the output power has been investigated for different circuits (G. A. Rincón-Mora & S. Yang, 2016) . Various electronic interfaces including classic, voltage doubler, Synchronous Charge Extraction (SCE), Synchronized Switch Harvesting on Inductor (SSHI) circuits have been investigated and compared regarding output power (Qiu, Jiang, Ji, & Zhu, 2009) . Different electronic circuits have been studied for improving output power as well as bandwidth of a single piezoelectric (I. Lien et al., 2010) , and an array of piezoelectric harvesters (I. C. Lien & Shu, 2012) . The SSHI circuit is also investigated in a circuit with an active rectifier to boost a PZT piezoelectric energy harvester's output power (L. Wu, X. D. Do, S. G. Lee, & D. S. Ha, 2017) . The parallel combination of an inductor and resistor has been studied as the load for the piezoelectric circuit to boost the output power of a hydraulic pressure energy harvester (HPEH) (E A Skow and K A Cunefare and,A.Erturk, 2014) . A bias-flip rectifier is investigated to flip the voltage across the piezoelectric internal capacitor as well as discharging it to reduce the amount of charge losses and maximize the output power (Y. K. Ramadass & A. P. Chandrakasan, 2010) . The rectifier in this case includes an inductor along with a switch, which is controlled to turn on/off the inductor based on the state of the current. A power conditioning circuit using inductors for increasing the voltage and rectifying the current of a piezoelectric stack energy harvester has been investigated (Skow, Leadenham, Cunefare, & Erturk, 2016) .
This study aims to investigate a method to increase a piezoelectric-based energy harvester's output power by using inductance. Piezoelectric energy harvesters in contrast to other electrical power generators have inherent capacitive internal impedance (Ottman et al., 2002) . Optimal power is obtained when the power source has no impedance. This is while the internal capacitance of the piezoelectric has a negative reactance. Using inductance to improve the energy harvesting circuit has been preliminarily investigated in both theory and experiment (Zargarani & Mahmoodi, 2016; Zargarani & Mahmoodi, 2017) . This paper builds upon the preliminary results of (Zargarani & Mahmoodi, 2016; Zargarani & Mahmoodi, 2017) and completes the theory and experimentation. The inductance is utilized to produce a positive reactance to reduce this negative reactance, and therefore increases the output power of the piezoelectric energy harvester. To this end, four circuits are experimentally studied: Simple Resistive Load (SRL), Inductive Load (IL), Standard AC-DC, and Inductive AC-DC circuits. The results indicate that higher output power is provided by the IL circuit compared to the SRL. The Inductive AC-DC circuit also outperforms the traditional standard AC-DC circuit.
Method

Dynamic Modeling of the Energy Harvesting Circuits
In this section, the various electrical interfaces for energy harvesting are presented. The SRL, shown in Figure 1 , is the first circuit studied in this paper, as it is the building block of other circuits. In an SRL circuit, the piezoelectric terminals are connected directly to the load resistor. The voltage produced by the piezoelectric harvester is considered to be sinusoidal. It is placed in a series connection with the internal impedance of the piezoelectric energy harvester (Zargarani & Mahmoodi, 2015) . The general formula for the output power of the SRL circuit is:
( 1) where R L is the load resistance, and the amplitude of the output voltage, Vo, is:
( 2) where C P is the internal capacitance of the piezoelectric harvester, V P is the piezoelectric open circuit voltage, and ω is the system's excitation frequency. Output power is:
The optimal resistance is found by setting to zero the derivative of the power, with respect to load resistance. The optimal load resistance is: (4) Figure 1 . SRL circuit including the piezoelectric model (Zargarani & Mahmoodi, 2016) An easier method for obtaining the optimal value of the load resistance is applying maximum power transfer theorem. Based on this theorem, output power of an electrical interface is maximum when the load impedance is equal to the complex conjugate of the source impedance at the frequency of excitation. In other words, when a circuit consists of resistive and (or) reactive electrical elements, maximum power is obtained when the resistance of the load equals that of the source, and the load reactance has the same magnitude but opposite sign as the source reactance at the frequency of excitation (Cartwright, 2008) . This theorem presents an approach to choose the optimal load impedance based on the given source impedance, and not the opposite way. In fact, a source with zero impedance provides the maximum power transfer regardless of the impedance of the load. Thus, it is concluded that decreasing the source impedance can increase the output power.
The motivation for this investigation is obtaining optimal output power from a piezoelectric harvester. Piezoelectric harvesters include a capacitive impedance. Therefore, the new method of adopting inductance is proposed to reduce the internal reactance of the piezoelectric, and improve the output power. To this end, different values of inductance based upon the load resistance value and the system's excitation frequency should be utilized. This is discussed in details in this paper.
Maximum power transfer theorem states that obtaining maximum output power requires the impedance of the load to be equal to the source impedance's complex conjugate. Therefore: (5) where Z is the impedance, and L and S indices represent load and source, respectively. The complex forms of the load and source impedances are:
where R i is the real component and X i is the imaginary component of the impedance. For a SRL circuit, X L is zero since the load impedance consists of only resistance. The value of R S is also zero, for there is only a capacitive impedance on the piezoelectric harvester. Thus, the load resistance's optimal value equals the absolute value of the imaginary component of the source impedance: (8) It is observed that the magnitude of the optimal load resistance is the same as the optimal resistance found in equation (4). This conclusion is valid only for the cases where the load impedance has to be purely resistive. However, in a general case where the load does not have to include only resistive components, inductive No. 2; 2018 components could be utilized in the circuit to improve the output power of the piezoelectric circuit. Therefore, a new electrical interface, IL circuit, is proposed and shown in Figure 2 . The IL circuit has an inductor which is in series connection with the load resistance. Figure 2 . IL circuit schematic (Zargarani & Mahmoodi, 2016) The optimal load resistance is obtained using equation (5). Substituting for source and load impedances using equations (6) and (7) yields to:
The source does not have any resistance, therefore:
where X = L , L is the inductance of the load, and = −1/ . Thus, the optimal load resistance is:
This result shows that adding inductance to the electrical circuit reduces the optimal resistance by reducing the capacitive effect of the reactance of the source impedance. The IL circuit could also be interpreted such that the inductor is in a series connection with the capacitive impedance of the piezoelectric harvester. The decrease in the impedance of the source results in increase of the output power. Therefore, the IL circuit is supposed to outperform the SRL circuit regarding output power. However, it still provides AC voltage that requires to be rectified in order to be stored. Therefore, the Inductive AC-DC circuit is suggested such that it has the properties of both IL and the standard AC-DC circuits (Priya & Inman, 2009) . It adopts an inductance to reduce the value of the internal capacitance of the piezoelectric as in the IL circuit, and also provides DC voltage as in the standard AC-DC circuit. The Inductive AC-DC circuit is made such that it has an inductor in the source side of the standard AC-DC circuit. The Inductive AC-DC circuit is then investigated experimentally to see the effect of adopting the inductive element on the output power. The standard AC-DC circuit is shown in Figure 3 , and the Inductive AC-DC circuit is shown in Figure 4 . The standard AC-DC circuit is made of a full wave bridge rectifier, where its output is (J. Dicken, P. D. Mitcheson,
where I P represent the piezoelectric's current and V D represents the voltage loss across each diode of the rectifier. The optimal output voltage is (J. Dicken et al., 2012) : No. 2; 2018 Figure 3. Standard AC-DC circuit schematic (Zargarani & Mahmoodi, 2016) Figure 4. Inductive AC-DC circuit schematic (Zargarani & Mahmoodi, 2016; Zargarani & Mahmoodi, 2017) The voltage drop across a diode, , is assumed to be zero, as diodes are considered to be ideal. Therefore, the optimal output power is:
where Z P is the piezoelectric impedance. Based on equation (14), the reduction of the source impedance enhances the output power. The internal impedance in the standard AC-DC circuit is equal to the capacitance of the source (piezoelectric), which is:
The Inductive AC-DC circuit is made by adding an inductor in a series connection with the internal capacitance of the piezoelectric, before the diode bridge in the standard AC-DC circuit. Thus, the Inductive AC-DC circuit's internal impedance becomes:
According to equation (16), increase in the amount of inductance reduces the amount of the impedance, which in turn boosts the output power according to equation (14). Nevertheless, the value of L should be less than 1/ .
Numerical Analysis of the Energy Harvesting Circuits
In this section, the numerical analysis to investigate the effect of the inductance on energy harvesting circuits is presented. The inductance is added to the SRL and standard AC-DC circuits to build the IL and Inductive AC-DC circuits, respectively. The piezoelectric harvester is assumed to be in the shape of a patch adhered to the surface of a cantilever beam. To compare the numerical with actual experimental results, the values of a real experimental study is used. The experimental study is discussed in the following section. The internal capacitance of the piezoelectric used in this research is found to be 56 nF. The first two resonant frequencies of the cantilever beam are 10.53 Hz and 62.7 Hz (Omidi, Mahmoodi, & Shepard Jr., 2015) . The second resonant frequency of the beam is used in this research as the frequency of the excitation since the first resonant frequency of the cantilever beam does not provide sufficient output voltage in the linear vibration region. The first circuit investigated is the SRL 2018 circuit. Figure 5 shows the variation of the output power of this circuit at 62.7 Hz based on the variation in the load resistance. It is observed in the figure that the optimal output power occurs at optimal resistance, whose value is 45328 Ω in this case. The optimal resistance is found to be dependent on the excitation frequency. The changes in the output power versus the load resistance at various frequencies of excitation with identical input voltage is shown in Figure 6 . Increasing the frequency appears to increase the optimal output power and shift the optimal load resistance. However, increasing the input voltage to the circuit (piezoelectric output voltage), which is proportional to the amplitude of excitation applied to the piezoelectric, amplifies the output power without altering the optimal resistance. This is shown in Figure 7 . The next circuit studied numerically is the IL circuit. According to equation (11), optimal load resistance (inductance) depends on both source capacitance and inductance (load resistance). Therefore, the numerical analysis is performed with varying the load resistance and inductance simultaneously based on equation (11). It means that as the load resistance or inductance is increased, the other one must be decreased. This correlation for keeping the output power at optimal value is shown in Figure 8 . The relation between the output power and inductance in Figure 9 shows that an increase in the value of the inductance (simultaneously with a decrease in the load resistance) increases the output power. Nevertheless, inductance values must be selected in a way that it has a smaller reactance value compared to the absolute value of the reactance of the piezoelectric internal capacitance. Figure 9 and Table 1 show the maximum value of inductance that is employed in the numerical analysis and the corresponding output power. The variation in the output power versus the variation in the load resistance is shown in Figure 10 . Increasing the load resistance is shown to reduce the output power. Nonetheless, the load resistance cannot reach zero, as shown in Figure 10 , if it is desired to obtain active power. Thus, the least amount of resistance that is used for the IL circuit in this study is considered as the optimal load resistance, for it produces the maximum amount of output power compared to the other load resistances used in this research. Lastly, Figure 11 presents a 3D plot showing the variation in the output power based on both load resistance and inductance. The curve in this figure represents the optimal output power corresponding to the optimal resistance (inductance) for a given value of inductance (resistance) according to equation (11). It is observed that an increase in the amount of the inductance, while the load resistance is decreased according to equation (11), results in an increase in the output power. The effect of increasing the amount of the inductance in the IL circuit is shown in Figure 12 . The IL circuit with L=0 is the same as the SRL circuit. Increasing the value of inductance added to the circuit is observed to increase the optimal output power while it decreases the optimal resistance. Table 1 presents the values of the optimal resistances found in the range of resistances investigated in this research for the SRL and IL circuits as well as their corresponding output powers. The IL circuit that adopts the larger amount of inductance is observed to produce higher output power compared to the SRL circuit. Finally, Figure 13 shows the variation of the output power of the Inductive AC-DC circuit based on the inductance while the input voltage (produced by the piezoelectric) is kept at 1 V, and the source impedance is changed with the change in inductance based on equation (16). The starting point of the plot in the figure corresponds to the standard AC-DC circuit as it does not have any amount of inductance (L=0). The output power is shown to increase with the increase in the amount of the inductance. 
Experimental Setup
In order to validate the result of the numerical study, a set of experiments is tested and presented in this section. A piezoelectric ceramic made by Piezo Systems, Inc.®, is used with properties as given in Table 2 . The piezoelectric patch is attached on an aluminum cantilever beam using epoxy (Omidi et al., 2015) as shown in Figure 14 . The cantilever beam properties are given in Table 3 . The clamped end of the cantilever beam is attached to a shaker and the piezoelectric is attached on the beam such that its midpoint is 76 mm apart from the clamped base of the cantilever beam. It should be attached close to the base for maximum energy harvesting; however, it could not be attached too close due to experimental limitations. In order to produce the input signal for the shaker, a model AFG3022B function generator built by Tektronix Inc.® is utilized. However, the input signal first has to be amplified, which is accomplished by utilizing an amplifier built by Labworks Inc. ®. As mentioned in the previous section, the second natural frequency of the beam is used as the excitation frequency. Therefore, the beam is excited at the frequency of 62.7 Hz in all the experiments in this research. There are four electrical circuits investigated experimentally: SRL, IL, standard AC-DC, and Inductive AC-DC circuits. The first experiment utilized the SRL circuit in order to experimentally find the value of the optimal load resistance. The internal capacitance of the piezoelectric is then calculated based on equation (4). For this purpose, the SRL circuit is made by connecting the output electrodes of the piezoelectric directly to a variety of different values of resistances. The output voltage is measured and recorded via oscilloscope. The experiment is performed three times in order to validate the result.
The next experiment is performed on the IL circuit for different amounts of inductors based on our accessible facilities: 1, 4.7 and 10 mH. Each value of inductor is tested with various load resistances ranging from 22 KΩ to 1 MΩ. Afterwards, an experiment is performed on the SRL circuit and the IL circuit that uses an inductor value of 10 mH. This experiment is performed on a smaller range of resistance values about the numerical optimal resistance. Then, the experiments on the standard AC-DC and the inductive AC-DC circuits are performed. The standard AC-DC circuit is composed of a full wave diode rectifier, a filter capacitor, and a load resistor. A filter capacitor with the value of 100 μF is used to decrease the amount of the ripple voltage and smoothen the output voltage (Hambley, 2005) . The output power of the piezoelectric harvester is small, therefore, it is important to choose diodes with low voltage drop. The 1N3064 diodes are used to construct the full wave diode rectifier as they have low voltage drop. Then various amounts of resistances are connected in a parallel combination with the filter capacitor. The output voltages across the load resistors are recorded via oscilloscope. In the next step, the Inductive AC-DC circuit is tested. This circuit is identical to the standard AC-DC circuit except that it utilizes an inductor before the rectifier bridge. The same inductors as in the experiment on the IL circuit are used for this experiment. Similarly, the same filter capacitor, load resistances, and input voltage are used in the experiments for both the standard AC-DC and Inductive AC-DC in order for their result to be comparable. Figure 15 shows the experimental set up used to run tests on the Inductive AC-DC circuit. Figure 15 . Experimental setup of Inductive AC-DC circuit (Zargarani & Mahmoodi, 2017) 
Results
In this section, the results of the experiments to investigate the effect of adding inductance to the circuits is presented and compared with the numerical results. To validate the numerical results, the comparison between experimental and analytical data is performed in two stages. First, the resistance value that maximizes the power is validated, then the power vs. resistance curve is validated. This is due to the fact that the increments of change in resistance to find the maximum power are much smaller than the increments for the expanded curve. As described, the first experiment was run to find the value of the optimal load resistance, which was realized to be within 47 KΩ to 51 KΩ. Consequently, this range is focused on for finding the optimal resistance more accurately. This region of the power-resistance curve around the optimal resistance is shown in Figure 16 . The uncertainty of the resistors and the measurement lead us to picking four points in this region. The optimal resistance is observed, from curve fitting, to be about 48.5 KΩ. This shows only 7% error compared to 45 KΩ (as in the numerical analysis) when it is connected in parallel with the resistance of the oscilloscope. This error in the value of the optimal resistance is because of connecting the load resistance to the oscilloscope, which has a resistance of about 1 MΩ. The parallel connection of the internal resistance of the oscilloscope and the load resistance where the power is optimal, is about 45 KΩ. Using this value for the optimal resistance in equation (4), the internal capacitance of the piezoelectric patch is determined to be 56 nF. This value is used throughout this study for the internal capacitance. Figure 16 . Variation of output power based on load resistance (SRL); circles represent the experimental data points, while the solid line indicates the fitted curve (Zargarani & Mahmoodi, 2017) The graphs in Figures 17-20 show the comparison of the experimental results with the numerical results for the SRL and the IL circuits. These graphs are based on the load resistance connected to the oscilloscope. Connecting the load resistance in parallel with the oscilloscope's resistance results in decreasing the total value of the load resistance. Consequently, the range used for the load resistance, as mentioned in the previous section, changes (from 22KΩ-1MΩ) to 21 KΩ to 476 KΩ as they are connected to the circuit. The experimental results verify the numerical results. The small changes in the optimal resistances are smaller than the resistor error. Therefore, the experimental optimal resistance for all four cases is kept constant for all inductor values utilized in the experiment. The numerical graphs in this section are based on the chosen experimental resistor and inductor values. Therefore, the numerical optimal resistance utilized in the experiments is not expected to vary drastically, with only a slight decrease in the optimal resistance as the inductance is increased. Consequently, the peak values in the numerical graphs are shifted very slightly. The numerical results and the experimental results are found to be in good compatibility based on the inductor values utilized in the experiments. (Zargarani & Mahmoodi, 2017) To show the effect of the inductance in circuits more clearly, the result of an experiment on only the SRL circuit and the IL circuit with 10 mH inductor over a smaller range of resistance is shown in Figure 21 . This plot includes only the load resistances that have higher output power in comparison to other load resistances in order to show the difference between output powers of the SRL and IL circuits more clearly. The 10 mH inductor is observed to increase the output power by 0.24% in comparison to the SRL circuit that does not utilize any inductance. The optimal load resistance is observed to be 48 KΩ. Since the range for the output power in these experimental tests is small, a slight amount of noise may result in changing the results. Figure 21 . Variation of output power based on load resistance in SRL and IL circuit with L=10 mH (Zargarani & Mahmoodi, 2017) In order to obtain DC voltage output, a full wave bridge rectifier (standard AC-DC circuit) was utilized. Then, an Inductive AC-DC circuit was built by adding an inductor to the traditional standard AC-DC circuit. The Inductive AC-DC circuit was investigated for different values of the inductance, and is compared with the standard AC-DC circuit. The experimental results for output power of both standard and Inductive AC-DC circuits are shown in Figure 22 . The range of values used for load resistances is selected in a way so that only the values that have higher output powers are compared. According to the figure, increasing the inductance value increases the output power. In order to show the effect of the added inductance more clearly, the output power of both the standard AC-DC circuit and Inductive AC-DC circuit with 10 mH inductor are compared in Figure 23 . The Inductive AC-DC circuit is observed to enhance the output power by 6.7% compared to the standard AC-DC circuit. Such result was expected since adding inductance decreases the source impedance as stated in equation (16) and the reduction of source impedance increases the output power as stated in equation (14). 
Conclusion
A new method for improving the output power of a piezoelectric vibration energy harvester was investigated analytically and verified experimentally. The new approach utilized inductance to decrease the internal reactance of the piezoelectric harvester, and hence, improve the output power. For this purpose, four electrical interfaces were tested experimentally for a beam piezoelectric harvester; SRL, IL, standard AC-DC, and Inductive AC-DC circuits. The IL circuit shows to improve the output power compared to the SRL. Furthermore, the inductive AC-DC circuit shows 6.7% increase in the output power compared to the standard AC-DC circuit. It is concluded that increasing the value of inductance simultaneously while reducing the value of the resistance increases the output power in both IL and Inductive AC-DC circuits. The increase in the value of the inductor causes the size of the circuit to expand. Consequently, it makes the circuit impractical for applications that require the circuit move with the source of vibration. It can still be employed in applications that do not require the circuit move with the energy harvester. Nevertheless, the values used for the inductance do not surpass the maximum value as found based on the load resistance and the piezoelectric internal capacitance at the excitation frequency. Furthermore, the load resistance cannot be eliminated as active output power is desired. 
